As a consequence of compartmentalization in eukaryotic cells, the transcriptional response to extracellular stimuli requires signals to be transmitted from the cytoplasm to the nucleus. Thus, nuclear import and export of signal transduction and transcription factors provide an important level of transcriptional control in eukaryotes. Recent investigations have illustrated the importance of this control for dynamic gene expression, as will be discussed on transcriptional activators and repressors (Mac1p, Mig1p, Msn2p/4p, Swi5p) and protein kinases (Hog1p, Sty1/Spc1, protein kinase A).
Nuclear Transport Unraveled
The separation of transcription and translation in different compartments of eukaryotic cells results in tremendous nucleocytoplasmic traffic of macromolecules, as for example histones, ribosomal subunits or ribonucleoprotein complexes. Recent results show that the mechanistic necessity to transfer regulatory signals from the cytoplasm to the nucleus is exploited in many cases by using transport steps as a major control point. Here, we discuss recent findings, particularly in yeasts, which demonstrate that by controlling nucleocytoplasmic localization of proteins involved in signal transduction and/or transcription, eukaryotic cells have gained an entire new dimension of control in gene expression.
The nucleus is enclosed by the nuclear envelope, which contains a large number of pores consisting of the nuclear pore multiprotein complex (NPC). NPCs are aqueous channels that mediate bidirectional transport between the cytoplasm and the nucleus. While smaller molecules, i.e. proteins up to 40 -60 kDa, can pass the NPC passively by diffusion, larger particles are selectively transported in an energy-dependent manner. Selective transport of proteins is generally mediated by targeting signals within the amino acid sequence and specific interacting factors of the nuclear transport machinery. Classic nuclear localization signals (NLS) consist of one or more clusters of basic amino acids. The NLS binds directly to the import receptor, the ␣-subunit of the importin complex. The ␤-subunit interacts with the NPC and carries the importin-␣ NLS complex into the nucleus where the complex is disassembled. While the cargo is released to remain in the nucleus, the importins are returned to the cytoplasm. A similar mechanism is proposed to work in nuclear export. Export receptors, like Crm1p (or exportin/Xpo1p), are able to recognize and bind nuclear export sequences (NES). Both nuclear import and export require the GTPase Ran (Gsp1p in yeast). This GTPase is regulated by the Ran protein GDP/GTP exchange factor, RanGEF (RCC1 in mammalian cells, Prp20p in yeast) and the GTPase activating protein Ran GAP1 (Rna1p in yeast). The asymmetric distribution of these two proteins appears to enable both the nuclear import and export machinery to use basically the same mechanism. The inside and outside of the nucleus might be defined by an asymmetry between two Ran complexes, Ran-GDP acting as marker for outside and the GTP form for inside the nucleus. Recently, a family of importin-␤-like factors has been identified, some members of which have been shown to interact with Ran. The factors seem to be specific for different classes of cargos and are sometimes redundant. To summarize, the Ran system most likely defines the direction of transport, while the selection of cargos, and thus the specificity of nuclear import and export, is achieved by interaction of signal sequences with importins/exportins rather than by the basic transport system itself (for reviews see Görlich and Mattaj, 1996; Nigg, 1997) .
Nuclear Transport and Regulation of Gene Expression
Regulation of gene expression via specific transcription factors involves various mechanisms, which work synergistic or antagonistic in countless combinations, comprising e.g. synthesis and stability, posttranslational modifications (in many cases phosphorylation), physical interaction with co-factors of a regulatory nature, assembly in multiprotein complexes, or control of intracellular localiza-tion of factors. The minimum requirement for uncontrolled eukaryotic gene expression is the constitutive presence of a transcriptionally active factor, nuclear import and physiologically balanced turnover. However, this is not sufficient to control gene expression dynamically by a variety of extracellular factors. In the following, we will try to illustrate how cells achieve this with a number of characteristic examples emerging from recent research, mainly on yeast.
The copper-dependent transcription factor Mac1p is constitutively nuclear and is regulated at low copper ion concentrations by direct interaction with Cu + . High extracellular copper ion levels, which are cytotoxic, cause rapid degradation of the Cu-transporters and of Mac1p, thus ensuring complete inactivation of the uptake system while simultaneously excluding unwanted synthesis of the Mac1p-controlled transporters (Zhu et al., 1998) . In this case, the toxic effects of high copper concentrations stand against the physiological requirement for copper. Since Mac1p remains nuclear, copper-dependent degradation provides a tight shutoff to prevent toxicity, while permanent low-level supply with copper ions is granted under normal copper concentrations. Considering toxicity, the irreversibility of degradation is also used as a kind of emergency brake to prevent excessive copper uptake.
In the case of Saccharomyces cerevisiae Swi5p, the control principles of regulated nuclear import and intranuclear degradation are combined. Dephosphorylation of Swi5p causes rapid nuclear import in late anaphase. Therefore, to make this factor available for its nuclear function, no immediate de novo protein synthesis is required. Import is followed by rapid and specific degradation, which limits the time Swi5p is active in the nucleus to a short segment of the mitotic cell cycle (Moll et al., 1991) . The examples chosen show that degradation provides an irreversible shutoff mechanism, which may be appropriate when tightness is more important than reversibility of shutoff.
In many cases, however, rapidly reversible control plays a role at least in addition to mechanisms involving synthesis and/or degradation of regulatory factors. Rapid dynamic regulation on a short time scale is, for instance, necessary in the response to constantly changing environmental parameters like stress. Rapidly reversible activation and shutoff of pre-existent factors ready for frequent use might be achieved by regulated nucleocytoplasmic localization. Since general principles of this type of regulation have been reviewed earlier (see e.g. Jans, 1995) these will not be discussed in the present context. Rather, we will limit ourselves to discussing a few cases where control of localization is at least formally similar.
The mammalian transcription factor NF-B is a prominent example for a protein conditionally localized in response to rapidly changing stress parameters. Without stimuli, the protein is held in the cytoplasm by its retention factor IB. Upon a broad variety of stimuli like phosphorylation by PKC or perhaps PKA, IB is degraded and NF-B accumulates in the nucleus (Siebenlist et al., 1995; Baldwin, 1996) . Interestingly, NF-B is controlled by a negative feedback mechanism leading to nuclear export. It is required for transcription of IB, which apparently is able to shut off NF-B-dependent transcription by entering the nuclear compartment, displacing NF-B from the DNA and exporting it to the cytoplasm (Arenzana- Seisdedos et al., 1995) . So in this case, control of the nuclear steadystate of a transcription factor at the level of nuclear export comes in as a new theme and appears to replace or supplement specific degradation.
A perfect example for a dynamically regulated rapid and reversible response is the general stress response in yeast, which is based on the binding to stress response elements (STREs) of the transcription factors Msn2p and Msn4p, thereby activating transcription in response to stress (Martinez-Pastor et al., 1996) . It has been shown that STREs are under negative regulation by protein kinase A (PKA) (Marchler et al., 1993) . Recently, it has been demonstrated that both factors change their localization in response to stress and to PKA activity. While Msn2p/4p are mainly cytoplasmic in unstressed cells, both factors accumulate in the nucleus within minutes upon exposure to stress conditions. In cells with low PKA activity, the factors also become nuclear, while high PKA activity triggers rapid export even under sustained stress conditions (Görner et al., 1998) . This highly dynamic regulatory system seems to be based on the balance between PKA activity and stress factors. Smith et al. (1998) have recently shown that the lethality of PKA mutants in a S. cerevisiae wild-type background can be rescued by deletion of the MSN2 and MSN4 genes. This appears partly due to lack of Yak1p, a negative regulator of cell growth, in msn2 msn4 mutants. Hence, PKA, as a powerful negative regulator of STRE-mediated transcription and as a positive regulator of cell growth, provides a link between these two antagonistic modes of control.
The transcriptional repressor Mig1p, which mediates glucose repression of a number of yeast genes by binding to their promoters, is also a conditionally localized protein.
Its regulation has been shown to be at least formally and perhaps mechanistically similar to that of Msn2p/4p. The nuclear localization of Mig1p is regulated by the presence or absence of glucose. Mig1p is imported to the nucleus within minutes after addition of glucose and is just as rapidly transported back to the cytoplasm when glucose is removed (De Vit et al., 1997) . The Snf1 protein kinase has been discussed to inhibit import and to mediate export of Mig1p by phosphorylation. An analogous regulatory role has to be postulated for PKA in the case of Msn2p and Msn4p (Görner et al., 1998; J. Wolf and C. Schüller, unpublished data) . Genetic data show that the same exportin, Msn5p, is required for regulated export of Msn2p (W. Görner and C. Schüller, unpublished data) and Mig1p (DeVit, personal communication). It is therefore likely that regulation of export involves control of exportin-cargo interactions in both cases.
These few examples should already suffice to illustrate some principles of the involvement of nuclear transport of DNA-binding factors in signal transduction to the nucleus. However, there are also other ways of transmitting a signal to the nucleus. In addition to second messengers that enter the nucleus and regulate transcription factors, protein components of a signalling cascade might enter the nuclear compartment upon activation and pass on signals to specific targets. Thus, control of the nuclear steady-state by regulating specific protein import/export in a dynamic way is not limited to DNA-binding factors. We will illustrate this by discussing recent findings concerning the control of nuclear localization of MAP kinases and PKA in yeast.
Control of Nuclear Localization of Protein Kinases
To control more than one nuclear target, e.g. several transcription factors, by one type of signal it seems economic to transfer the signal to them simultaneously. This may be achieved by regulated localization of protein kinases, particularly MAP kinases (Waskiewicz and Cooper, 1995) . A number of aspects of the dynamics of this process in the case of the stress-activated MAP kinases (SAPKs) have been reviewed recently (Wilkinson and Millar, 1998) . Mechanisms involved have been studied in some detail by Gaits et al. (1998) in the case of the S. pombe Sty1/Spc1 MAP kinase. Similar to mammalian p38 kinase, Sty1/Spc1 is activated by a number of extracellular stress factors. Activation occurs via the Wis1 MAPKK by dual phosphorylation of Sty1/Spc1 on conserved threonine and tyrosine residues. The activated form of Sty1/Spc1 translocates to the nucleus in response to stress, whereas Wis1 remains cytoplasmic. The ability of the MAP kinase to enter the nucleus depends on its dual phosphorylation: if this is prevented either by mutating the conserved threonine or tyrosine residues or by deleting the wis1 gene, Sty1/Spc1 will not accumulate in nuclei. The Wis1 protein, which is physically absent in deletion mutants, therefore does not act as a cytoplasmic anchor.
The S. cerevisiae p38 homolog Hog1p is also rapidly translocated to the nucleus (Ferrigno et al., 1998 , Reiser, Ruis and Ammerer, manuscript submitted). Similar to Wis1, the corresponding MAPK kinase Pbs2p is not translocated to the nucleus, but rather appears to be constitutively cytoplasmic. Nuclear translocation of activated Hog1p is reversible. Adaptation of cells to high osmolarity or an osmolarity downshift leads to nuclear export coinciding with dephosphorylation. Hog1p phosphorylation appears to be sufficient for nuclear translocation since a catalytically inactive, but threonine-and tyrosine-phosphorylated kinase is also efficiently translocated. It seems at least likely that other MAP kinases, particularly the S. pombe Hog1p homolog Sty1/Spc1, also do not require their own catalytic activity for nuclear import. Furthermore, Reiser et al. observed a basal, Pbs2p-independent shuttling of Hog1p between cytoplasm and nucleus (Reiser et al., manuscript submitted) . In contrast to Hog1p nuclear import, re-export depends on its kinase activity, perhaps by activation of a specific phosphatase dephosphorylating Hog1p as a precondition for relocalization to the cytoplasm.
A new aspect was raised recently with the finding that the presence of a Sty1/Spc1 nuclear target, the transcription factor Atf1, influences the efficiency of stress-induced nuclear accumulation, leading to the postulate that Atf1 acts as a nuclear anchor for Sty1/Spc1 (Gaits et al., 1998) . Careful dynamic studies on Hog1p nuclear accumulation kinetics by Reiser et al. (manuscript submitted) revealed a somewhat more detailed picture for this MAP kinase. Putative target factors have no influence on the kinetics and extent of nuclear entry, but play a role as nuclear retention factors by delaying re-export during adaptation. These findings raise the intriguing possibility of a substrate-dependent feedback on nuclear localization or, in other words, a 'you may leave when the job is done' model. Protein kinase A is also known to be translocated upon activation. Mammalian PKA is predominantly anchored to A kinase anchoring proteins (AKAPs) in the cytoplasm via its inhibitory regulatory subunit. Binding of cAMP to the regulatory subunit of PKA leads to dissociation of the catalytic subunit, which enters the nucleus probably by passive diffusion and consecutively activates transcription by specifically phosphorylating e.g. CREB (cAMP response element binding) proteins. PKA activity induces a negative feedback by triggering expression of protein kinase inhibitor (PKI), a protein that mediates re-export of the kinase to the cytoplasm (Meinkoth et al., 1993 , Wen et al., 1995 , Dell'Acqua and Scott, 1997 . In S. cerevisiae, PKA appears to be also localized via its regulatory subunit (Bcy1p). Bcy1p is nuclear in exponentially growing cells, partly localized outside of the nucleus in cells growing on nonfermentable carbon sources, and at least predominantly localized in the cytoplasm in stationary phase cells (Griffioen, Anghileri, Imre, Baroni and Ruis, manuscript in preparation). The catalytic subunit Tpk1p exhibits a similar subcellular distribution, which is consistent with the assumption that Bcy1p acts as a component of a PKA anchor controlling its localization. However, Tpk1p is delocalized upon a rise in the cAMP level. There appears to be no PKI-like factor in yeast, and accordingly the catalytic subunits may be rather passively diffusing out of the nucleus than be moved by active transport. Localization of Bcy1p is regulated via its N-terminal domain.
The main advantage of predominant anchoring of inactive PKA to the nucleus in rapidly growing cells with a rather short mitotic cell cycle may be seen in the fact that nuclear targets can be readily regulated when the kinase is activated by cAMP without a requirement for the active free catalytic PKA subunits first having to diffuse into the nucleus. This may offer an important selective advantage to S. cerevisiae, particularly in the control of cell growth under conditions of changing nutrient availability. This is illustrated by the observation that delocalization of Bcy1p delays regrowth of stationary phase, G 0 -like cells upon refeeding fresh medium (Griffioen et al., manuscript in preparation) . In nature, unicellular organisms are most fre-quently in stationary phase since some components for active growth and cell division will be lacking most of the time. When they are suddenly exposed to a full supply of nutrients for an unpredictably long, but usually short time, they should be prepared to use this period for increasing the number of cells as efficiently as possible. Under feasting conditions, nuclear PKA activity may rise more rapidly with the help of targeting mechanisms available and provide a positive signal for cell growth at least partly by displacing Msn2p to the cytoplasm. Thus, by regulated transport of several components acting within the same control network an optimal cellular response might be achieved.
General Conclusions
Within the transcriptional response to extracellular stimuli, nuclear import and export provide rapid and tightly controllable mechanisms. Regulated spatial distribution provides the advantage that components of the control system can be readily re-used without the need for their resynthesis. This dynamic control may be of particular importance in unicellular eukaryotes and in cells of higher eukaryotes also exposed to an environment that will change frequently, and in an unpredictable manner.
